Background--Obstructive sleep apnea (OSA) is a common condition associated with cardiovascular disease. Its potential effect on progression of subclinical atherosclerosis is not well understood. We tested the hypothesis that self-reported OSA is associated with progression of coronary artery calcium (CAC). We also evaluated whether traditional cardiovascular risk factors accounted for the association.
O bstructive sleep apnea (OSA) is a common condition, estimated to be prevalent in at least 5% to 15% of the adult population in developed countries. 1 Beyond poor quality of sleep and its directly related symptoms, an emerging body of evidence links OSA to a more adverse cardiovascular risk factor profile and increased risk of cardiovascular disease (CVD) events. 2, 3 Individuals who snore are known to have a disproportionately higher prevalence of undiagnosed OSA compared with those who do not snore, 4 and snoring has also been associated with a higher risk of CVD risk factors and events. 5, 6 In an effort to better understand the relation between OSA and CVD, examining the association between OSA and subclinical coronary atherosclerotic change may be valuable. 7 Coronary artery calcium (CAC) level assessed with the use of coronary computered tomography (CT) is a well-established surrogate marker that has been shown in numerous studies to be predictive of future coronary events. 8, 9 Results have been inconsistent among the relatively few studies that have directly explored the association between OSA and CAC prevalence. [10] [11] [12] [13] [14] To date, no studies have assessed the longitudinal association of OSA with change in CAC.
In this study, we tested a hypothesis that during 8 years of follow-up, participants with OSA would have a more pronounced increase in CAC, relative to participants who do not snore, in a racially/ethnically diverse population free of overt CVD. We anticipated that participants who self-reported snoring would have an intermediate increase in CAC. The cross-sectional association between self-reported OSA and CAC prevalence is also reported.
Methods

Study Population
The Multi-Ethnic Study of Atherosclerosis (MESA) is a prospective cohort study of 6814 community-dwelling men and women aged 45 to 84 years without evidence of CVD at baseline (2000) (2001) (2002) After excluding participants with a history of revascularization and 1 participant with apparent CAC measurement error, our final analytic sample included 2603 participants ("final cohort"). The research protocols were approved by the institutional review board at each participating institution, and all participants gave written informed consent. Detailed descriptions of the study design and methods of MESA have been published previously. 15 
Sleep Disordered Breathing History
A self-administered sleep history questionnaire conducted at exam 2 was used to construct 3 sleep disordered breathing (SDB) groups (OSA, habitual snoring, normal) using the algorithm illustrated in Figure 1 . Because OSA (versus central sleep apnea) is by far the most common form of sleep apnea in the absence of heart failure or stroke, we considered selfreported physician-diagnosed sleep apnea to be OSA in this study. In addition, information on perception of excessive daytime sleepiness was extracted from the question: 
CAC Scores
Details of the technique and methodology of the scans and approach to quantifying CAC have been previously published. 16 CAC scores were quantified by using the Agatston method 17 from 2 consecutively obtained CT scans at each visit, and average CAC scores were obtained. CAC scores were subsequently adjusted with a standard calcium phantom that was scanned along with the participant. 16 Interobserver and intraobserver agreements were high (j statistics=0.93 and 0.90, respectively).
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The absolute difference in CAC score between MESA exam 2 (when the sleep survey took place) and exam 5 was used as our primary end point, representing change in CAC during an average of 8 years. By design, only 50% of the MESA sample underwent CT at exam 2. For those without available CT at exam 2, interpolated CAC was derived by averaging the CAC scores of exams 1 and 3, assuming a linear rate of change in CAC. Because approximately half of the participants who underwent exam 1 CT were randomly allocated to have a follow-up CT at either exam 2 or 3 but not both, there was no overlap between the cohorts who underwent CT at exam 2 and exam 3. 
Statistical Analysis
Characteristics of participants were compared based on the self-reported SDB history, the main exposure predictor of interest (ie, normal, habitual snoring, and OSA), using v 2 test or 1-way ANOVA for categorical and continuous variables, respectively. Mean (SD) and percentage were used to describe continuous and categorical variables, as appropriate. Mean absolute CAC score and prevalence for CAC (CAC score >0 [ie, presence of CAC]) and CAC 400 (CAC score >400 [ie, high burden of CAC]) in the final cohort at baseline were compared according to SDB history characteristics using Kruskal-Wallis tests (with pairwise post-hoc Wilcoxon test) and v 2 tests, respectively.
For multivariable comparison of the prevalence rates, Poisson regression with a robust error variance 19 was used, with adjustment using the following nested models: model 1 included age, sex race/ethnicity, education level, site, smoking, and physical activity; model 2 included model 1 plus BMI category; and model 3 included model 2 plus several markers of potential intermediate variables in the pathway between OSA and CAC change (ie, prevalent diabetes, seated systolic blood pressure, HDL-C, LDL-C, and antihypertensive and lipidlowering medication).
The main outcome of interest, absolute CAC change continuously measured was determined by subtracting CAC score at exam 2 (measured or interpolated) from that at exam 5. Multiple linear regression was performed to calculate the mean CAC change between the SDB groups. The same covariates were used as for the baseline prevalence comparison. Because there are several different approaches to analyzing change, 20 as a sensitivity analysis, we modeled change with absolute CAC at exam 5 as the dependent variable, without considering baseline CAC values. Possible effect modification of associations between SDB and CAC change by age, sex, race, BMI category, and reported excessive daytime sleepiness was tested by including crossproduct terms in the models. A P value <0.05 was considered significant. Sensitivity analysis was also performed after excluding participants with negative CAC change, which may represent measurement error. All statistical analyses were performed using SAS version 9.3 (SAS Institute).
Results
A total of 2603 participants were eligible for the main analysis evaluating change in CAC score between exams 2 and 5. The baseline characteristics are shown in Table 1 . Participants with OSA, compared with those without OSA, were more likely to be white, male, have higher incomes and educational attainment, be obese, have prevalent diabetes, and be on medication for hypertension and hyperlipidemia.
Levels of both HDL and LDL were lower among the OSA group; however, after restricting the analysis to participants not taking lipid-lowering medications, LDL levels were similar across SDB categories. Overall, characteristics of the habitual snoring group were similar to those of the normal group. More than a third of participants with OSA (38.6%) reported having excessive daytime sleepiness compared with 27.9% and 18.5% in the habitual snoring and normal groups, respectively (P<0.0001). Unadjusted baseline CAC score and CAC prevalence were significantly different across the groups ( Table 1) .
Prevalence of CAC at Baseline From Parent Cohort (n=4919)
At baseline, the overall prevalence of positive CAC (CAC >0) was high in all groups but was highest in the OSA group (OSA: 64.4%; habitual snoring: 55.0%; normal: 55.6%, P=0.04). The prevalence of high CAC burden (CAC >400) showed a similar pattern (OSA: 19.1%, habitual snoring: 10.4%, normal: 12.0%, P=0.002). In multivariable analyses, for CAC >0 the association was no longer present when adjusted for BMI (Table 2A) . For CAC >400, the association persisted after adjustment for BMI and CVD risk factors (Table 2B ). For both CAC >0 and CAC >400, the habitual snoring group behaved similar to the normal group.
Longitudinal Change in CAC (n=2603) (Table 3 ). Figure 2 shows CAC scores at visit 2 and at visit 5, stratified by SDB category, with model 2 adjustments. With further adjustment for CVD risk factors (model 3), the association between OSA and the normal group was modestly attenuated and no longer significant (P=0.06). In sensitivity analyses modeling CAC at exam 5 (the follow-up CAC) without taking into account baseline CAC, the results were slightly attenuated (Table 4) . At exam 5, the prevalence of CAC >0 was 67.6%, 70.3%, and 73.5 for the no snoring, habitual snoring, and OSA groups, respectively (P=0.24). Effect modification was not present by age, sex, BMI category, or excessive daytime sleepiness but was present by race. Subsequent stratified analysis showed that in blacks, no difference in CAC change was observed across the groups. This result should be viewed cautiously, however, given the number of comparisons and the limited sample size for racespecific analyses.
In alternative analyses, when the OSA group was compared with combined "no OSA group" (habitual snoring+normal group), the OSA group experienced a significantly greater increase in CAC score, regardless of degree of adjustment (Table 5 ). Because negative change in CAC might be due to measurement error rather than a true regression, we performed analysis by excluding subjects (6%) with any negative change. The results were similar before and after the exclusion (data not shown). Finally because CAC change did not exhibit normally distributed pattern owing to large portion of cohort without significant change, we also performed the analysis using log-transformed CAC change. However, results were largely unchanged (data not shown).
Discussion
In this large racially and ethnically diverse cohort without evidence of CVD at baseline, we found that having OSA based on self-reported physician diagnosis versus being a habitual snorer or reporting a normal SDB pattern was associated with a greater progression of CAC, as measured by absolute change in CAC scores over an average of 8 years. These associations remained significant even after adjusting for BMI but were modestly attenuated after additionally accounting for key CVD risk factors, such as hypertension, diabetes, and hyperlipidemia. Although this attenuation may reflect confounding, current etiological understanding suggests that these traditional CVD risk factors may mediate the association between OSA and CAC progression. Indeed OSA has been linked to the development of these cardiovascular risk factors, 21, 22 and these risk factors have been associated with CAC incidence and progression. 23 Perhaps the strongest evidence exists for hypertension. In observational data, a dose-response association has been observed between SDB and incidence of hypertension, 22 and randomized controlled trials of OSA patients have demonstrated improved blood pressure after treatment with continuous positive airway pressure. 24, 25 Relatively few cross-sectional studies have explored the association between OSA and CAC prevalence, and they have yielded conflicting results, in both clinical and populationbased settings. One clinic-based study of patients who were referred for both a sleep study and coronary CT showed a significantly higher prevalence of positive CAC and a higher CAC score in patients with OSA in a dose-dependent manner according to the severity. 13 Such a finding, however, was not replicated in a similarly designed clinic-based study. 12 One population-based study showed an independent linear association of OSA severity with CAC score in women of all ages and in men <65 years old. 11 To the contrary, other studies involving a community cohort failed to show a significant independent association between OSA and prevalence or burden of CAC after adjusting for BMI. 10, 14 Likewise, in the present study, the association between OSA and presence of CAC >0 at baseline was not significant after adjusting for BMI. When CAC >400 was considered, however, the association did persist after accounting for BMI, as well as traditional CVD risk factors. A major advantage of our analysis over prior work is the prospective design, assessing the relation of OSA and CAC change over 8 years of follow-up. While baseline CAC score offers independent incremental information over and above traditional risk factors in the prediction of all-cause mortality, 26 progression of CAC has been shown to further increase the risk for coronary heart disease events in the MESA cohort. 27 Also within MESA, self-reported OSA was found to be predictive of increased risk of incident CVD events and allcause mortality. 28 Since OSA is considered a treatable condition, this provides an important basis for future studies evaluating the treatment of OSA on the development and progression of cardiovascular risk factors, which may mediate the association between OSA and CAC progression. Given that people who habitually snore are more likely to have undiagnosed OSA 4 and the body of evidence relating habitual snoring to cardiovascular morbidities, we hypothesized that those reporting "habitual snoring" would have greater CAC progression than those reporting no snoring ("normal" group). However, our analysis showed that, overall, CAC progression in the habitual snoring group was similar to that of the normal group. Habitual snoring likely identifies individuals with a very wide range of OSA severity, including individuals with snoring without significant airflow limitation to those with frequent apnea, hypopnea, and oxyhemoglobin desaturation. The stronger finding with self-reported physician-diagnosed OSA, which likely identifies the more severely affected (and hypoxemic individuals), provides support to the notion that intermittent hypoxemia contributes to the pathogenesis of atherosclerosis as measured by CAC progression. Although the underlying mechanism of OSA's effect on CAC progression is uncertain, it likely acts through repetitive airway obstruction and intermittent hypoxemia resulting in endothelial dysfunction 29 and inflammation 30,31 via oxidative stress 32 or heightened sympathetic activity. 33 Through these mechanisms, OSA may exert its deleterious effect on the progression of subclinical atherosclerosis either directly or indirectly via mediators such as hypertension, 34 diabetes, 35 and metabolic syndrome, 36 which can all lead to hard CVD events such as coronary heart disease, stroke, and heart failure as shown in recent prospective studies. 3, 37 Although not feasible in this study, relating our findings to simultaneously obtained biomarkers of endothelial dysfunction or inflammation will provide valuable insights into the underlying mechanism. Key strengths of this study are the prospective design that included an average of 8 years of follow-up, objectively measured CAC, and a diverse study sample. A limitation of our study is the relatively small number of participants with OSA, which at times resulted in wide confidence intervals and perhaps imprecise estimates. OSA is known to be underdiagnosed in the community, particularly as many individuals with OSA lack classic symptoms. 38 Because in our sample diagnosis of OSA relied solely on self-reported history but not on the objective measurement, the prevalence of OSA (4%) reported in our study is almost certainly an underestimate. The resultant misclassification may have biased our results toward the null. Conversely, the participants with OSA in our study may represent highly symptomatic individuals with more severe OSA, thus possibly biasing our results away from the null. Likelihood of receiving an OSA diagnosis may also have been dependent on the access to health care; in our sample those self-reporting OSA tended to have higher incomes and greater educational attainment. In addition, it is possible that a number of participants in the OSA group may have been receiving treatment for OSA, which may have weakened the association, though to date there is no supporting evidence of a beneficial effect of therapy on the progression of CAC. However, a graded relationship has been noted between adherence to OSA treatment using continuous positive airway pressure and total mortality. 39 Residual confounding resulting from unmeasured confounders in our hypothesized casual model or imprecisely measured covariates should be also considered. Finally, several caveats need to be explained in regard to the methodology of quantifying and analyzing CAC progression in our study. First, we observed negative CAC change in varying degrees in a small number of subjects (6% of the final cohort). This likely represents measurement error, though true regression of coronary calcification is not impossible. Analysis removing participants with negative CAC progression did not change the results. Second, the absolute CAC score used to measure progression in our study can introduce an overestimation of the actual progression of CAC in subjects with higher baseline CAC compared with those with low baseline CAC due to higher interscan variability. 40 Third, to enhance power, interpolated data based on an assumption of linear progression was used to estimate baseline CAC in approximately half of the cohort (those who had CAC measurement at exams 1 and 3 but not exam 2). Because our focus was on the absolute CAC change rather than an incidence of CAC, we believe interpolation was an acceptable approach. In summary, in this large and racially/ethnically diverse cohort, participants who self-reported physician diagnosis of OSA experienced greater CAC progression during 8 years of follow-up, relative to those who were habitual snoring or reported a normal SDB pattern. CAC progression was similar among participants who reported habitual snoring and those classified as normal. Furthermore, despite being free of clinical CVD at baseline, individuals with OSA had higher levels of severe CAC at baseline. Our finding that participants with OSA experienced greater CAC progression provides an important rationale for further studies focusing on the effect of objectively measured OSA on the development of cardiovascular risk factors and subclinical cardiovascular disease.
